RNA interference offers enormous potential to develop therapeutic agents for a variety of diseases. To assess the stability of siRNAs under conditions relevant to clinical use with particular emphasis on topical delivery considerations, a study of three different unmodifi ed siRNAs was performed. The results indicate that neither repeated freeze/thaw cycles, extended incubations (over 1 year at 21°C), nor shorter incubations at high temperatures (up to 95°C) have any effect on siRNA integrity as measured by nondenaturing polyacrylamide gel electrophoresis and functional activity assays. Degradation was also not observed following exposure to hair or skin at 37°C. However, incubation in fetal bovine or human sera at 37°C led to degradation and loss of activity. Therefore, siRNA in the bloodstream is likely inactivated, thereby limiting systemic exposure. Interestingly, partial degradation (observed by gel electrophoresis) did not always correlate with loss of activity, suggesting that partially degraded siRNAs retain full functional activity. To demonstrate the functional activity of unmodifi ed siRNA, EGFP-specifi c inhibitors were injected into footpads and shown to inhibit preexisting EGFP expression in a transgenic reporter mouse model. Taken together, these data indicate that unmodifi ed siRNAs are viable therapeutic candidates.
Introduction
R na interference (RNAi) technology, including use of small interfering RNAs (siRNAs), has been used extensively in target validation experiments and has generated intense activity in the development of these inhibitors as therapeutics (Behlke, 2006; Dallas and Vlassov, 2006; Kim and Rossi, 2007; Novobrantseva et al., 2008) . Recently, several siRNAs have been evaluated in clinical trials with encouraging safety profi les and suggestions of effi cacy (de Fougerolles et al., 2007) . However, questions remain regarding siRNA stability in vivo, including whether modifi cations are needed for their development as therapeutic agents. One of our immediate goals is to develop siRNA-based therapeutics for dominant negative genetic skin disorders , including pachyonychia congenita (PC), and we have therefore conducted this study on the stability of unmodifi ed siRNAs under a variety of conditions with relevance to clinical use, including as topically delivered therapeutics.
Pachyonychia congenita is an ideal prototype skin disorder to investigate the effectiveness of therapeutic siRNAs . PC is caused by mutations (often single nucleotide changes) in the inducible keratin genes encoding keratins 6a (K6a), K6b, K16, and K17 Smith et al., 2005 Smith et al., , 2006 . Common symptoms include thickened dystrophic nails, painful plantar hyperkeratosis with blistering, and follicular keratosis. The major complaints of patients center around the painful lesions that occur on or near the pressure points of the feet, presenting a localized defi ned area for siRNA treatment. We have previously shown that an unmodifi ed mutationspecifi c siRNA (K6a_513a.12, referred to in this paper as K6a siRNA) can specifi cally and potently target the C513A single nucleotide mutation in KRT6A (gene encoding K6a) and inhibit expression of the mutant keratin, which results in PC, with little or no effect on wildtype expression in both tissue culture (including PC patient-derived keratinocytes analyzed by quantitative real time PCR) and mouse models  for 10, 30, 60, and 120 minutes. All heated incubations were conducted in a thermocycler with a heated lid to limit evaporation and prevent concentration of the sample. Ten freeze/ thaw cycles were performed by alternating cycles of freezing at -20°C for 12 hours, followed by thawing at 21°C for 30 minutes.
SiRNAs (0.75 μL of 200 μM solution in PBS) were subjected to potential RNase degradation by incubation in various biological fl uids (14.25 μL) at 37°C for 10 minutes, 1 hour, 5 hours, and 48 hours. SiRNA stability in 95% blood serum was determined by incubation in fetal bovine serum (FBS; Hyclone, Logan, UT, USA, SH30070.03) or human serum (HS; Innovative Research, Southfi eld, MI, USA, IPLA-SERO). To test siRNA stability in contact with human skin, siRNA was incubated in PBS exposed to intact, live human skin (500 μL PBS was collected from the palm of a volunteer hand after a 1 minute exposure with agitation). Similarly, siRNA was incubated in extract of human hair (10 hairs with roots were soaked in 500 μL PBS for 24 hours at 21°C) to test siRNA stability when in contact with human hair shafts and follicles. SiRNAs were digested in 95% fresh human saliva, at 37°C for 10 minutes, 1 hour, 5 hours, and 48 hours. As a control, siRNA was incubated in PBS with RNase A (Epicentre, Madison, WI) at 10 , and 1 mg/mL fi nal concentrations at 37°C for 10 minutes.
RNase and/or other proteins were removed from treated siRNAs by TE-saturated phenol extraction (one volume) followed by ethanol precipitation. Glycogen (1 μL of 20 mg/ mL solution from Roche, Basel, Switzerland) was added to facilitate quantitative recovery of RNA. An aliquot of each sample (50 pmoles per lane) was analyzed by 10% (19:1) native polyacrylamide gel electrophoresis (PAGE, BioRad, Hercules, CA, USA) at 800V for 25 minutes. Gels were stained with ethidium bromide (0.1 μg/mL) and visualized by phosphorimager (Bio-Rad, Molecular Imager FX).
Firefl y luciferase fusion constructs
Bicistronic constructs expressing both fi refl y luciferase (fLuc) and either EGFP (Wang et al., 2007) , K6a(N171K) or HCV (Wang et al., 2005) have been described previously.
Cell culture
Human 293FT embryonic kidney cells (Invitrogen, Carlsbad, CA, USA) were maintained in DMEM (CAMBREX/ BioWhittaker, Walkersville, MD, USA) with 10% FBS (HyClone, Logan, UT, USA), supplemented with 2 mM l-glutamine and 1 mM sodium pyruvate (CAMBREX/ BioWhittaker, Walkersville, MD, USA) in a humidifi ed 5% CO 2 incubator at 37ºC.
Transient transfections of expression plasmids and siRNA
Functional siRNA inhibitory activity was determined, using an aliquot of the siRNA sample taken before electrophoresis, by cotransfection with reporter expression plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) Leachman et al., 2008 and data not shown) . This siRNA (known as TD101 following formulation) has been approved for a phase 1b clinical trial . Chemically modifi ed versions of this siRNA were tested in tissue culture cells and in mouse models and were shown to have similar potencies when compared with unmodifi ed counterparts. In some cases, however, these chemical modifi cations altered the thermodynamic properties resulting in loss of single nucleotide specifi city (unpublished data). These observations, coupled with the goals of developing siRNAs that would be degraded if they reached the bloodstream (i.e., resulting in little or no system exposure) as well as minimizing potential toxicities resulting from chemical modifi cations, led to the investigation of the suitability of using unmodifi ed siRNA in vivo.
In the present study, the stability of unmodifi ed siRNAs was examined under a variety of conditions pertinent to storage, delivery, and potential topical formulations relevant to conducting clinical trials for genetic skin disorders. The stability profi les of siRNAs targeting the internal ribosome entry site of hepatitis C virus (HCV IRES) and enhanced green fl uorescent protein (EGFP) were determined in parallel with the K6a siRNA. The HCV siRNA has been shown previously to inhibit HCV IRES-mediated gene expression (Wang et al., 2005; Vlassov et al., 2007) , and the EGFP siRNA has been shown to block EGFP-reporter gene expression (Wang et al., 2007) , both in vitro and in vivo. SiRNAs (19+2 format; 19 nucleotide duplex with two 3′ uracyl nucleotide overhangs) were synthesized by Thermo Fisher Scientifi c, Dharmacon Products (Lafayette, CO, USA). The sense and antisense strands for each siRNA are as follows: SMARTselected™ EGFP-specifi c siRNA, 5′ GCACCAUCUUCUUCAAGGAUU and 5′ P-UCCUUGAAGAAGAUGGUGCUU; K6a(N171K)-specifi c siRNA, 5′ CCCUCAAaAACAAGUUUGCUU (site of C to A mutation resulting in the N171K mutant protein is shown in lowercase) and 5′ P-GCAAACUUGUUUUUGAGGGUU; and HCV-specifi c siRNA, 5′ GCACGAAUCCUAAACCUCAUU and 5′ P-UGAGGUUUAGGAUUCGUGCUU. The nonspecifi c control (NSC4) siRNA (inverted beta galactosidase sequence, Thermo Fisher Scientifi c, Dharmacon Products Catalog #D-001210) sense and antisense sequences are 5′ UAGCGACUAAACACAUCAAUU and 5′ P-UUGAUGUGUUUAGUCGCUAUU, respectively.
Materials and Methods

Design of siRNA
SiRNA preparation
SiRNAs were dissolved in phosphate-buffered saline (PBS, 200 μM fi nal concentration) and 5 μL aliquots were removed for analysis. Unless otherwise noted, all siRNAs were stored at -20°C and discarded after the initial freeze/thaw cycle.
Stability assays at varied temperatures and in biological fl uids
SiRNAs (5 μL at 200 μM in PBS) were stored at 4°C or 21°C for 4 weeks or alternatively at 37°C for 5 and 24 hours or 95°C UNMODIFIED siRNA STABILITY 347 use the same settings for each image acquisition to allow the most quantitative analysis possible to enable comparison of data collected on different days. The un-mixed signal was pseudo-colored either green (Fig. 4) or white (Fig. 5) . The white coloration allows better contrast facilitating intersample comparisons.
Mouse footpad injections were performed as recently described (Wang et al., 2007) . EGFP-specifi c or NSC4 siRNAs were intradermally injected into footpads of L2G85 mice (three 50 μL injections of 2 μg/μL siRNA in PBS per mouse footpad spaced over 1 week) using a 28-gauge needle (Bectin Dickson and Company, Franklin Lakes, NJ, USA). At the indicated times, the mice were sedated using isofl urane, and live, anesthetized mice were imaged for EGFP expression using the CRi Maestro imaging system as described above.
Results
To effi ciently measure siRNA activity, a bioluminescence (luciferase)-based tissue culture assay was used. Bicistronic expression plasmids containing K6a , EGFP (Wang et al., 2007) or the HCV IRES (Wang et al., 2005; Vlassov et al., 2007) elements, linked to the fLuc reporter cDNA, were utilized (Fig. 1A) . To determine the functional activity of the siRNAs designed to target each of these mRNAs, 293FT cells were cotransfected with a fi xed amount of the appropriate expression plasmid and increasing concentrations of the corresponding inhibitor (Fig. 1B) . As controls, K6a and HCV expression vectors were cotransfected with EGFP siRNA, while the EGFP plasmid was cotransfected with HCV siRNA. Each target was inhibited ~80% at 1 nM concentration of the specifi c siRNA, conditions under which no effect was observed following treatment with the nonspecifi c control siRNAs (data not shown). The 50% inhibitory concentration (IC 50 ) values for each siRNA (K6a, EGFP, and HCV) were 200, 150, and 60 pM, respectively. On the basis of these results, all subsequent siRNA activity measurements were conducted at 1 nM fi nal siRNA concentration.
To determine suitable storage conditions for siRNAs dissolved in PBS, stability assays were conducted at various temperatures and freeze/thaw conditions. Neither repeated freeze/thaw cycles (up to 10 cycles of slow freezing at -20°C and thawing at 21°C; Fig. 2A ) nor extended incubations (up to 28 days at 4°C or 21°C; Fig. 2B ) were shown to have significant effects on siRNA integrity as measured by nondenaturing PAGE. Importantly, no loss of functional siRNA activity was detected when cotransfected with target expression plasmid into 293FT cells (Fig. 2 , bar graphs). Following a 1-year incubation of K6a siRNA in PBS at 4°C or 21°C, there was no decrease in functional activity upon cotransfection with target plasmid (data not shown).
Formulation of siRNAs in topical creams or nanoparticles may require incubation at elevated temperatures for short periods of time. To determine the thermal stability of siRNAs (200 μM in PBS), aliquots were incubated at 37°C for 24 hours or 95°C for 2 hours. EGFP, K6a, and HCV specifi c siRNAs incubated at 37°C for 24 hours showed no signifi cant change in activity (i.e., EGFP siRNA activity decreased from 81% to 78% knockdown; both K6a siRNA and HCV siRNA activities slightly increased from 82% to 83% and from 76% according to the manufacturer's instructions. In brief, the day before transfection, 293FT cells were seeded at 2.3 × 10 4 cells in 175 μL/well in a 96-well plate, resulting in 80% cell confl uency at the time of transfection. Cells were cotransfected (in triplicate) with a mixture of 16 ng expression plasmid, 1 nM siRNA (fi nal concentration) and pUC19 (to give a fi nal nucleic acid concentration of 160 ng per transfection), diluted to 13 μL in optiMEM medium (Invitrogen). Lipofectamine 2000 (0.4 μL) was diluted in 12.6 μL of optiMEM medium and incubated at room temperature for 5 minutes. This mixture was added to the nucleic acid mixture and incubated for 20 minutes at room temperature before addition to the plated cells.
Luciferase activity was measured at 48 hours following transfection by addition of 25 μL of 3 mg/mL luciferin (BIOSYNTH International, Napperville, IL, USA; in PBS) to each well and incubation at room temperature for 5 minutes. The entire plate was imaged for 20 seconds using the IVIS™50 in vivo imaging system (a Xenogen Product from Caliper Life Sciences, Alameda, CA, USA). FLuc activity was normalized to cells treated with nonspecifi c siRNA (i.e., the nonspecifi c control siRNA transfected with the EGFP expression plasmid was the HCV siRNA and the nonspecifi c control siRNA transfected with the K6a(N171K) or HCV plasmid was the EGFP siRNA).
Immunohistochemistry
The immunocytochemistry procedure on a 10 μm c ryosection using an EGFP antibody directly conjugated to a fl uorophore was performed as previously described (Cao et al., 2005) . In brief, skin frozen in OCT medium was cryosectioned and OCT removed by washing with PBS for 5 minutes followed by incubation in 0.3% hydrogen peroxide for 2 minutes to quench endogenous peroxidase. Following a 5-minutes rinse in PBS, rabbit polyclonal antibody against GFP conjugated to Alexa Fluor 488, (Molecular Probes, cat# A21311, 1:200 dilution) was applied for 2 hours at room temperature. Following a 5-minutes PBS rinse, the sections were counterstained with DAPI and mounted with Gel-Mount aqueous media.
Mice, footpad injections, and in vivo imaging
Transgenic L2G85 mice were obtained from a breeding colony at Stanford University. Animals were treated according to the Guidelines for Animal Care of both NIH and Stanford University.
In vivo imaging was performed on isofl urane-anasthetized mice using the Maestro Optical imaging system (CRi Inc., Woburrn, MA, USA). Images were taken with an excitation fi lter of 445-490 nm and an emission fi lter of 515 nm (long-pass). Filter sets were set to capture images with 10 nm windows automatically from 500 to 850 nm using the Maestro software (exposure times were automatically calculated). Spectral un-mixing of the resulting TIFF image was performed using a user-defi ned EGFP library. Each spectrum was decided and set by un-mixing autofl uorescence spectra and EGFP spectra manually selected using the computer mouse to select appropriate regions. Care was taken to to 86%, respectively, Fig. 2C ). Similarly, when these siRNAs were incubated at 95°C for 2 hours, no signifi cant change in activity was observed (i.e., both EGFP and HCV siRNA activities increased from 81% to 87% and 82% to 83%, respectively; K6a siRNA activity slightly decreased from 72% to 70%, Fig. 2D ). These data suggest, at least for time periods less than 2 hours, that unmodifi ed siRNA is suffi ciently stable for the majority of conditions that may be required for formulation.
To evaluate the stability of siRNAs when exposed to blood, the inhibitors were incubated in 95% FBS or HS for various time periods up to 48 hours at 37°C. Incubation in FBS showed rapid degradation and loss of activity (Fig. 3A) , whereas incubation in HS showed only partial degradation, even after 48 hours (Fig. 3B) . Incubation of siRNAs in PBS exposed to human skin or hair for 48 hours at 37°C showed minor siRNA degradation but no change in functional activity ( Fig. 3C and D) . Strikingly, incubation of siRNA in 95% human saliva showed degradation of all three siRNAs with the EGFP siRNA being the most sensitive (62% loss of functional activity observed within 10 minutes Fig. 3E ). As a positive control, siRNAs were incubated with increasing concentrations of RNase A (Fig. 3F) . No degradation was observed at low RNase A concentrations and very little loss of activity (i.e., treatment with 10 μg/mL RNase A for 10 minutes at 37ºC resulted in the following slight decrease in activity for each siRNA when compared to untreated samples: EGFP siRNA, 70→66% inhibition; K6a siRNA, 75→72% inhibition; and HCV siRNA, 82→71% inhibition), suggesting that siRNAs are partially resistant to cleavage by this enzyme. Interestingly, the degradation observed by gel electrophoresis did not always correlate with loss of activity, suggesting that partially degraded siRNAs may retain full functional activity (e.g., comparison of the lanes treated with 10 -2 mg/mL RNase A with the untreated control lanes shows a clear change in electrophoretic mobility; however, no change in functional activity was observed, Fig. 3F ). The change in mobility may be due to cleavage of the singlestranded 3′ UU overhangs, as it has been reported that the 3′ overhangs are not necessary for siRNA activity (Czauderna et al., 2003; Rose et al., 2005) .
To evaluate whether unmodifi ed siRNAs can inhibit preexisting gene expression in an animal model, EGFP expressing transgenic mice [L2G85 line (Cao et al., 2005) ] were treated with specifi c EGFP or control nonspecifi c siRNAs on opposing paws. EGFP has been reported to be expressed in the epidermis and stratum corneum in L2G85 mouse ears (Cao et al., 2005) . EGFP is also expressed in mouse paws and readily visualized by in vivo fl uorescence imaging and also immunostaining of skin footpad sections (Fig. 4) . As the major complaint of PC patients is the painful blisters on the soles of the feet, the L2G85 mouse footpad was used to mimic 
FIG. 2.
SiRNA stability under conditions relevant to clinical use, including incorporation into cream formulations. Ten freeze/thaw cycles (A) were performed by alternating cycles of freezing at −20°C for 12 hours, followed by thawing at 21°C for 30 minutes. SiRNAs were stored at 21°C for 28 days (B) or alternatively at 37°C (C) or 95°C (D) for the indicated times. An aliquot of each sample (50 pmoles siRNA per lane) was analyzed by native 10% PAGE. Gels were stained with ethidium bromide and visualized by phosphorimager. Functional activity was determined following cotransfection of 1 nM siRNA (fi nal concentration) with 16 ng fLuc fusion construct in 293FT cells as described in Figure 1 . Fig. 4 ; Cao et al., 2005 and data not shown). Spectral analysis of L2G85 mouse footpads using the CRi Maestro in vivo imaging system showed an emission spectrum indicative of EGFP expression (data not shown). We have previously shown that the EGFP-specifi c siRNA can specifi cally and potently block EGFP gene expression in tissue culture and mouse models when codelivered with a target vector (Wang et al., 2007) . To determine whether intradermal injection of EGFP-specifi c siRNA can inhibit preexisting EGFP gene expression in a mouse model, three intradermal footpad injections were performed in L2G85 mice over a 7-day period and the amount of fl uorescence was monitored over a 3-month period (Fig. 5 ). Mice treated with specifi c EGFP siRNA showed inhibition of fl uorescence beginning at day 10 and reached maximum inhibition at day 14 ( Fig. 5 and data not shown) . This inhibition persisted for 2 months without additional treatment before EGFP signal began to reappear. In contrast, minor inhibition was observed in the paw treated with nonspecifi c siRNA (most likely due to the variability in the concentration of siRNA delivered to some skin cells due to the intradermal injection delivery method utilized; high levels of this siRNA have been shown to nonspecifi cally knock down reporter gene expression in tissue culture cells (data not shown)). These data suggest that inhibition can be long-lasting. Additional experiments are needed to determine if sustained inhibition, perhaps for years can be maintained by periodic administration.
Discussion
In the past several years, there has been intense interest in developing siRNAs as therapeutics. The capacity of siRNAs to specifi cally and potently block gene expression offers unprecedented potential for treatment of congenital disorders (particularly dominant negative genetic mutations) and portends the advent of individualized medicine, in which siRNAs theoretically can be designed to target any given gene mutation. The unmodifi ed K6a siRNA used in this study (also known as TD101) has been tested in a double-blind phase 1b clinical trial using escalating TD101 doses to locally treat PC foot lesions (by intradermal injection) of all known, eligible, and willing U.S. PC patients harboring the K6a N171K mutation . This clinical trial is the "fi rst-in-man" for siRNA skin treatment as well as the fi rst siRNA trial to target a mutant gene. To date, only a few other siRNA therapeutics (including those developed for macular degeneration, respiratory syncytial virus, and acute renal failure) have entered clinical trials (Novobrantseva et al., 2008) . If effi cacy in the clinic is proven and delivery obstacles overcome, siRNA agents represent a new class of drugs with the potential to revolutionize treatment of a large number of disorders (de Fougerolles, 2008) .
The siRNAs that are currently in clinical trials include both unmodifi ed and chemically modifi ed forms; the latter were designed to enhance nuclease resistance and greatly increase serum half-lives (Chiu and Rana, 2003; Czauderna et al., 2003; Layzer et al., 2004; de Fougerolles et al., 2005; Zhang et al., 2006; De Paula et al., 2007; Novobrantseva et al., 2008) . Modifi cations that enhance serum stability   FIG. 3 . Stability of siRNA exposed to skin, hair, saliva, and sera. SiRNAs (10 μM fi nal concentration) were subjected to potential RNase degradation by incubation in 95% fetal bovine serum (A), 95% human serum (B), PBS exposed to human skin (C), or hair (D), or 95% saliva (E) for the indicated times, or RNase A (F) for 10 minutes at the indicated concentrations. Treated siRNAs were analyzed as in Figure 2 . In circumstances where localized delivery is preferred, it may be advantageous to use unmodifi ed siRNA to limit unintended side effects resulting from siRNAs reaching the bloodstream. For example, in skin tissue, similar functional activities have been observed for both unmodifi ed and modifi ed siRNAs (Wang et al., 2007 and unpublished data) , suggesting that stabilized siRNAs may not be necessary.
[It should be noted, however, that skin has been reported (Probst et al., 2006) to contain RNase activity.] Therefore, in the case of skin delivery, there may be safety advantages in using unmodifi ed siRNAs, as intact siRNAs that are cleared from the skin would then presumably be susceptible to increased degradation following entry to the bloodstream or other tissues with higher RNase activities. Indeed, the present results suggest that siRNAs are more quickly degraded in serum than in contact with skin (compare panels B and C in Fig. 3) .
The data presented in this report suggest that unmodifi ed siRNAs are quite stable in a variety of conditions and may be viable candidates for drug development, if tissues containing high levels of nucleases active against siRNAs are avoided. For example, exposure of unmodifi ed siRNAs to hair or skin resulted in little, if any, reduction in activity, suggesting that topical application may be feasible. Furthermore, neither brief exposures to high temperature (up to 95°C) nor long incubation time at lower temperatures (i.e., 1 year at 4°C and 21°C) had any affect on activity. Taken together, these observations suggest that the conditions include backbone modifi cations such as phosphorothioate or boranophosphate linkages and 2′-OH modifi cations such as 2′-fl uoro, 2′-O-methyl, 2′-O-(2-methoxylethyl), 2′-O-(2,4-dinitrophenyl), and locked nucleic acids and modifi cations of the termini such as 5′-phosphate, 5′-O-methyl, and 3′-deoxythymidine. Although chemical modifi cations can greatly enhance stability, the increase in half-life does not always result in a corresponding increase in functional activity (Layzer et al., 2004) . In addition, it should be noted that many of the in vivo studies demonstrating disease protection were performed using unmodifi ed inhibitors (Song et al., 2003a (Song et al., , 2003b Bitko et al., 2005; Wesche-Soldato et al., 2005; Palliser et al., 2006) , suggesting that serum stability is only one consideration in developing an effective therapeutic. Once taken up by cells and incorporated into the RNA-induced silencing complex (RISC), modifi ed and unmodifi ed siRNAs may have similar functional half-lives due to protection by binding to proteins in the RISC complex. In addition, siRNAs are rapidly cleared by the renal system [an elimination half-life of 6 minutes has been reported (Soutschek et al., 2004) ]; therefore, the identifi cation of modifi cations that allow directed delivery might be of greater importance than enhanced stability for development of therapeutics. Conjugation of lipids (particularly cholesterol) has been shown to not only increase thermodynamic and nuclease stability, but more importantly improve the biodistribution and pharmacokinetic profi les of siRNAs by targeting specifi c cell types [reviewed in (De Paula et al., 2007) ]. 
FIG. 5.
SiRNA-mediated inhibition of preexisting gene expression in an EGFP transgenic mouse model. Treatment of L2G85 mice with unmodifi ed EGFP-specifi c siRNA leads to decreased fl uorescence. EGFP-specifi c or nonspecifi c control (NSC4) siRNAs were intradermally injected (100 μg/injection) into footpads of L2G85 mice (three injections per mouse footpad spaced over 1 week, n = 4). At the indicated times, the mice were imaged for EGFP expression using the Maestro (CRi) imaging system (EGFP expression is pseudo-colored white in these images; fl uorescence is not observed in areas of fur) as described in Figure 4 . This experiment has been independently repeated three times. 
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R.L.K., R.P.H., B.H.J., and A.V.V. have fi led patents related to using siRNAs as therapeutics. C.H.C. has fi nancial interests in Caliper Life Sciences (maker of the IVIS imaging system). required for formulating unmodifi ed siRNAs into creams or nanoparticles or other delivery methodologies are unlikely to signifi cantly inactivate the siRNA. Furthermore, the stability demonstrated following extended incubations at 4°C and 21°C suggest that siRNAs are suffi ciently stable for formulation in saline solutions and likely in other formulations and will have adequate shelf lives in a clinical setting. Alternatively, the lack of any observable effects following repeated freeze/thawing suggests that even longer shelf lives are possible when stored in frozen form.
Unmodifi ed siRNAs typically have half-lives of less than 20 minutes in serum as analyzed by PAGE (Czauderna et al., 2003; Morrissey et al., 2005) , although longer-lived RNA duplexes (remarkably stable in serum for days) have been reported (Braasch et al., 2003) . This variation in reported half-lives may be due to the biophysical properties of the siRNA duplex or to batch variability in serum. We have also observed that siRNAs are relatively resistant to degradation in fetal bovine and human sera. The changes in gel mobility seen upon treatment with serum and RNase A (Fig. 3A , B, and F) are both suggestive of initial "nibbling" of the ends with little loss of functional activity, followed by loss of integrity of the duplex band accompanied by loss of functional activity (e.g. see Fig. 2F ). [Consistent with these observations, several laboratories (Czauderna et al., 2003; Rose et al., 2005) have reported similar activities for "blunt-end" siRNAs as compared to siRNAs that contain 3′ overhangs.] There is evidence that inactivation of siRNAs in serum is due to RNAse A-like enzyme activity, as degradation of siRNAs in the presence of serum can be inhibited by RNaseOUT, a protein inhibitor of pancreatic ribonucleases such as RNase A, B, and C (Haupenthal et al., 2006 (Haupenthal et al., , 2007 . Moreover, mass-spectral analysis of degradation products of siRNAs exposed to serum shows that cleavage occurs particularly at UpA sequences near one end, suggestive of an RNase A-like activity (Turner et al., 2007) . (It should be noted that the assay for RNA integrity used here, nondenaturing PAGE analysis with ethidium staining, is sensitive to loss of the full-length double-stranded molecule but may not reveal single strand breaks that do not cause the duplex to fall apart.)
Intradermal injection of siRNAs into footpads of an EGFP transgenic mouse model results in specifi c inhibition of reporter expression for 2 months (Fig. 5 and data not shown), suggesting that these unmodifi ed inhibitors are suffi ciently stable to reduce preexisting gene expression. Coupled with the increasing number of literature reports showing the effectiveness of unmodifi ed (i.e., not chemically stabilized) siRNAs to achieve desirable outcomes in animal models (Song et al., 2003b; Palliser et al., 2006; Wang et al., 2007) , these data suggest that unmodifi ed siRNAs are viable candidates for clinical use.
